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Calcium transport through the luminal membrane of the distal tubule.
I. Interrelationship with sodium. Calcium (Ca2) transport by isolated
luminal membranes from rabbit renal distal tubule has been character-
ized. Ca2 uptake by these membrane vesicles exhibited saturation
kinetics. In the absence of sodium (Nat) in the incubation medium, a
low affinity system was observed with a KmCa2 of 2.83 0.64 m and
Vmax of 3.03 0.48 pmol/g/l0 sec. A second type of kinetics was also
detected with a high affinity and a low velocity (KmCa2 0.04 0.01
mM, 1.18 022 pmol/gf10 sec). The luminal membranes from
proximal tubules showed a single system with a KmCa2 of 0.49 0.20
m and Vmax of 1.26 0.17 pmol/gIl0 sec. The presence of Na
sharply decreased Ca2 uptake by the high affinity system of the
membranes from distal tubules, increasing the KmCa2 to 0.07 mM
0.01 (P < 0.01) and decreasing the max to 0.27 pmol/g/10 sec (P <
0.005). This effect of Na was concentration-dependent, with a half-
maximal effect at 38 msi Na and a Hill coefficient of 0.9. In contrast,
Na had no effect on Ca2 transport through the luminal membranes of
proximal tubules nor on the low affinity system of the distal tubule. The
composition of the intravesicular medium also influenced Ca2 uptake
by the membranes from distal tubules. Compared to mannitol, trans-
Na or K significantly reduced Ca2 transport. Finally, cis-K
induced an increase in this transport. As found with Na, the effect of
K was concentration-dependent, with a Hill coefficient of 0.42. It is
concluded that: 1) the luminal membrane of the distal tubule fundamen-
tally differs from the brush border membrane of the proximal tubule; 2)
Na has an inhibitory effect on Ca2 uptake when applied on either side
of the distal tubule membrane, and therefore probably binds at two
different sites of the carriers in the membrane; 3) trans-K inhibits
whereas cis-K enhances Ca2 transport in this membrane; and 4) the
actions of Na and K are not dependent upon any exchange mecha-
nism.
Although the proximal tubule reabsorbs the greatest amount
of the filtered calcium (Ca2), the fine regulation of calciuria
depends upon the uptake by the cortical thick limb of the ioop
of Henle and the distal tubule. In particular, parathyroid
hormone (PTH) increases renal Ca2 absorption exclusively in
these distal segments [1—5]. We recently reported that basolat-
eral membrane characteristics are responsible for the differen-
tial response of the proximal and distal tubules to PTH [6]. It is
also possible that the luminal membrane behaves differently at
the two sites. For instance, it was shown in micropuncture and
microperfusion experiments that thiazides decrease Na and
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increase Ca2 reabsorption exclusively in the distal tubule, and
that these diuretics are active on the luminal side of this
segment [7, 8]. Until recently, however, lack of sufficient tissue
has precluded a biochemical study of the mechanism responsi-
ble for Ca2 transport through the luminal membrane of distal
tubules. We have been successful in isolating and purifying this
membrane. With this technique, we confirmed that thiazides
directly enhance Ca2 uptake by the luminal membrane of
distal tubules, despite the absence of the rest of the cell. During
these experiments, it was observed that the presence of Na in
the incubation medium decreased Ca2 uptake, and that this
uptake was partially re-established with the diuretic. These
phenomena were not observed in luminal membranes of prox-
imal tubules, indicating major variations between the two types
of membrane [9].
The present experiments were undertaken to further study
Ca2 uptake by these distal luminal membranes, with particular
emphasis on the interrelationship between Ca2 and Nat. The
results demonstrate that this uptake is time and concentration-
dependent. It is saturable. Dual kinetic are clearly demonstra-
ble. The presence of Na in the cis-position does not signifi-
cantly influence the low affinity system, but strongly reduces
the Vmax of the high affinity component. In contrast, K1 in the
cis-position increases Ca2 uptake. Finally, the presence of
either cation (Nat or K) inside the vesicles curtails the entry
of Ca2t None of these findings were observed with the
proximal membranes.
Methods
Proximal and distal tubule suspension
Studies were carried out in rabbits (1.5 to 2 kg) fed a Purina
rabbit chow (Ralston Purina Co., St. Louis, Missouri, USA)
with access to tap water ad libitum. Four animals were used for
each experiment. Kidneys were removed immediately after
decapitation of the animals. Slices 1 to 3 mm thick were cut
through the cortex and immersed in a modified Krebs-Henseleit
(MKH) solution containing 1 mg/mI collagenase (Clostridium
histolyticum, Sigma Chemical Co., St. Louis, Missouri, USA)
along with 0.5 mg/mI bovine serum albumin (BSA Sigma, Fatty
acid free, fraction V). Following a digestion period of 20
minutes at 37°C, cold Krebs-Henseleit solution was added and
the suspension rapidly filtered through a metal tea strainer. The
filtrate was centrifuged in a clinical centrifuge, washed three
times with MKH buffer and finally suspended in 45% Percoll in
MKH, bubbled with 95% 02-5% CO2 for 20 minutes. Following
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centrifugation for 30 minutes at 28,000 x g in a Sorvall
refrigerated centrifuge, three bands were clearly formed which
corresponded, from top to bottom, to the distal tubules, the
glomeruli and the proximal tubules. The tubules were sepa-
rately collected and washed in MKH until free of Percoll.
Following microscopic examination confirming the identity
and purity of the preparations, the tubules were suspended in a
hypotonic solution consisting of 50 mi mannitol and 15 mM
Hepes-Tris pH 7.4. Whereas the proximal tubules essentially
consisted of convoluted tubules, the distal tubule suspension
contained a mixture of convoluted distal tubules and cortical
connecting tubules.
Luminal membranes from proximal and distal tubule
The luminal membranes from the two tubule suspensions
were prepared according to the technique previously described
191. In summary, the suspensions were mechanically homoge-
nized (Dounce homogenizer). Following the addition of 12 mM
MgCI2 (final concentration), they were stirred for 10 minutes on
ice and finally centrifuged at 4000 x g for 20 minutes. The
supernatant was collected and centrifuged at 45,000 x g for 20
minutes at 4°C. The new sediment, enriched in luminal mem-
branes, was washed twice and suspended in 300 mrvi mannitol,
15 mts Hepes-Tris, pH 7.4.
Characterization and evaluation of the purity of the
membranes
The evaluation of the degree of purity of the luminal mem-
branes from proximal tubules is easy because alkaline phos-
phatase, absent from the rest of the nephron, is situated
exclusively in these membranes and in the glomeruli [10].
Therefore, a relatively high activity of this enzyme reflects the
degree of purity of the brush border membranes of proximal
tubules. In contrast, no enzyme marker has been described for
the distal luminal membrane which does not contain alkaline
phosphatase. Since thiazides decrease Na transport only in
the distal tubule [7] and when perfused in the tubular lumen [81,
we assumed that this property of the diuretic could serve to
establish the nature of our isolated membranes. Moreover, the
lack of the other known membrane markers (Na, K
-ATPase)
for the basolateral membranes, glucose-6-phosphatase for the
endoplasmic reticulum, succinate dehydrogenase for the mito-
chondrial membranes and glucosamidase for lysosomes, con-
firms the identity of these membranes. Therefore, luminal
membranes from proximal tubules and the presumed one from
distal tubules were pre-incubated with 0.5 mri hydrochlorothi-
azide (HCTZ) or with the carrier as the control in 300 mM
mannitol, 20 m Hepes-Tris pH 7.4, 20 minutes at 25°C. The
Na uptake through the two series of membrane vesicles was
measured as described below, using 50 mM 22Na as the
substrate. The sensitivity of Na transport to thiazide was
considered to be an indicator for enrichment in the luminal
membranes of distal tubules.
Alkaline phosphatase activity was measured according to the
technique of Kelly and Hamilton [11], the Na/K + ATPase by
the technique of Westfelder et al [12], succinate dehydrogenase
as described by Pennington [13], glucose-6-phosphatase accord-
ing to the technique of Aronson and Toutser [14], and glucos-
amidase according to the technique of Scalera, Storelli and
Storelli Joss [151. Proteins were assayed by the technique of
Lowry using bovine serum albumin as the reference protein.
Ca2 and Na uptake
45Ca2 and 22Na uptake studies were initiated by the
addition of 5 jil of membrane suspension, (approximately 20 g
protein), to 25 p1 of incubation medium at 25°C. The Ca2 or
Na trapped by the vesicles were measured by rapid filtration
using Millipore filters (0.45 tM pore size). The filters were
rinsed with 20 mrvi Tris-Hepes pH 7.4, 150 mM KC1 and 2 mM
EGTA for Ca2 transport, and 20 mri Tris-Hepes pH 7.4, and
150 mi NaCl for Na transport experiments. In the experi-
ments where high concentrations of Ca2 were used as the
substrate (5 to 40 mM), the concentration of EGTA in the
rinsing solution was increased accordingly. The radioactivity in
the filters was assayed in scintillation liquid formula P-963,
using a LKB mini- 1211 beta scintillation counter.
Solutions
The MKH solution (for tubule preparations) contained 138.6
mM NaCl, 3.9 m KCI, 1.4 mM KH2PO4, 1.4 mri MgSO4, 7
H,O, 1.2 mti CaCI, 2 H20 mrst, 58 mri mannitol, and 25 mM
NaHCO,.
The basic composition of the incubation medium was 130 to
150 m of either choline, Na or K chloride, 20 mrt Hepes-
Tris pH 7.4 (unless otherwise specified), various concentrations
of CaCl2 and approximately 1 Ci of 45CaCl or 0.75 pCi 22NaC1
per 25 p1 of incubation medium.
Material
45Ca2 (carrier free) and the scintillation liquid were obtained
from New England Nuclear Research Products (Boston, Mas-
sachusetts, USA). All the other chemicals were obtained from
Sigma Chemical.
Statistics and calculations
All experiments were carried out in duplicate. Zero time
controls were made for all samples by adding the membrane
suspension to the ice cold incubation medium. The results were
evaluated statistically by Student's two-tailed t-test as appro-
priate.
The kinetics of Ca2 uptake were calculated according to a
nonlinear regression analysis using the equations described by
Huntson [16]. Passive diffusion of Ca2 in the presence and
absence of Na was evaluated by the slope of Ca2 uptake at
saturating concentrations of Ca2 (20 to 40 mrvi, N = 6).
Results
Characterization of the membranes
The enzyme enrichments and the thiazide-sensitive Na
uptake are summarized in Tables 1 and 2. Compared to the
corresponding homogenates, the luminal membranes from
proximal and distal tubules were enriched 6.5- and 0.64-fold in
alkaline phosphatase, 1.4- and 0.66-fold in Na/K ATPase,
and 0.97- and 1.2-fold in glucose-6-phosphatase activities. The
membrane activity of succinate dehydrogenase was negligible.
Therefore, whereas the membranes from proximal tubules were
relatively rich in alkaline phosphatase, none of the four enzyme
activities was particularly elevated in the membranes from
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Table 1. Enzyme activities in the various preparations
Enzyme
nmol//.Lg/15 mm
Cortex
homogenate
Proximal tubule
X
Distal nephron
Homogenate
Luminal
membranes X
Luminal
Homogenate membranes
Alkaline phosphatase
Na/K-ATPase
Glucose-6-Pase
Succinate dehydrogenase
Glucosamidase
7.99 0.96
2.69 0.25
1.07 0.014
211.0 22.3
NM
9.26 1.58 60.2 5.6
2.12 0.27 2.99 0.73
1.3 0.11 1.26 0.1
404.9 20.1 1.34 1.01
0.79 0.08 0.37 0.05
(6.5)
(1.4)
(0.97)
(0.003)
(0.5)
3.35 0.75
0.62 0.057
0.88 0.07
244.8 35.8
0.66 0.03
2.14 0.33
0.41 0.1
1.0k 0.45
0
0.49 0.1
(0.64)
(0.66)
(1.2)
(0)
(0.74)
These values are means SaM. Abbreviations are: X, enrichment compared to the corresponding homogenate; NM, not measured.
Treatment
22Na uptake pmol//.Lg
5 sec 10 sec 60 sec
Distal tubles —HCTZ
+HCTZ
21.6 4.8
8.2 4.2a
25.8 5.3
12.6 6.3a
54.6 5.2
53.8 4.9
Proximal tubules —HCTZ
+HCTZ
14.04 0.77
14.72 0.28
21.76 1.3
22.65 0.88
43.22 4.0
45.53 4.71
distal tubules. However, as shown in Table 2, 0.5 mM HCTZ,
which had no effect on Na transport through the brush border
membranes from proximal tubules, strongly inhibited Na
uptake by the luminal membranes of distal tubules, thus con-
firming the nature of these membranes.
Time course of Ca2 uptake
Figure 1 displays the time course of Ca2 uptake by luminal
membrane vesicles from proximal and distal tubules. The
vesicles were preloaded with 15 mi Tris-Hepes pH 7.4 and 300
mM mannitol. On a membrane protein basis, the uptake, linear
for the first 30 seconds, was higher in distal than in proximal
membranes. Upon the addition of 10 M of the Ca2 ionophore
A 23187 and 20 ms EGTA, the Ca2 content of the vesicles
abruptly fell in both proximal and distal membrane prepara-
tions, to values not different from zero. In contrast, (not shown
in the figure), the release of the Ca2 accumulated by the
vesicles following either addition of A 23187 alone, or hypo-
tonic dilution, was slower and incomplete.
Effect of Na on Ca2 uptake
The effect of Na on the time course of Ca2 uptake is shown
in Figure 2. The vesicles from proximal and distal tubules,
suspended in 300 ifiM mannitol and 15 mM Tris-Hepes pH 7.4,
were incubated in a medium containing 20 mi Tris-Hepes pH
7.4 and either 140 m choline chloride or 40 m choline
chloride plus 100 mM NaCl. The presence of Na in the
incubation medium did not influence the uptake by the luminal
membranes from proximal tubules. In contrast, Na signifi-
cantly curtailed Ca2 transport through the luminal membranes
from distal tubules. When incubation was continued for 30
minutes, however, the vesicle content in Ca2 was not different
in the two groups of distal tubule vesicles, incubated with or
without Na (not shown).
Fig. 1. Time course of Ca2 uptake by luminal membrane vesictes of
proximal (PT) and distal (DT) tubules. The vesicles were preloaded
with 20 mi Tris-Hepes, pH 7.4 and 300 mri mannitol. The incubation
medium contained 20 mri Tris-Hepes pH 7.4, 140 m choline chloride
and 0.5 mri CaC12. At time 300 seconds, the suspension was abruptly
diluted 1/20 in the same medium, supplemented with 10 tLM A 23187, 2
mM EGTA and no Ca2t Each point represents the average of 3
experiments, in duplicate, SE.
Effect of Na on the kinetic parameters of Ca2 + uptake
The influence of Na on the initial rates of Ca2 uptake by
proximal and distal luminal membranes at various concentra-
tionS of free Ca2 is shown in Figures 3 and 4. The vesicles
were loaded with 15 m Tris-Hepes pH 7.4 and 300 mrs
mannitol and the incubation medium contained 140 m choline
chloride, 20 mrvi Tris-Hepes pH 7.4 and various concentrations
of 45CaCl2. Increasing Ca2 concentration from 25 M to 5 mM
resulted in a saturable initial rate of Ca2 uptake (estimated at
10 seconds of incubation), by both groups of vesicles. The
calculated value for Km Ca2 was 0.49 0.2 mrvi and for Vmax
1.26 0.17 pmollp.g/l0 sec in membranes from proximal
tubules. The replacement of 140 m choline chloride by 100mM
Naci plus 40 m choline chloride in the incubation medium did
not influence Ca2 uptake by these membranes at any of the
Ca2 concentrations used (Fig. 3).
Ca2 uptake through the membranes of the distal nephron
showed very different characteristics. Firstly, a dual kinetics
was demonstrable whose parameters in the absence of Na
were: KmsCa2 2.83 0.64 and 0.035 0.005 m and
Table 2. Effect of 0.5 m hydrochiorothiazide (HCTZ) on 50 mM
Na uptake by the luminal membranes from proximal and distal
tubules
ap<Q5
+
0
A 23187
-I
DI
6
4
2
10 30 60 120 300 400
Time, seconds
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Fig. 2. Effect of Na in the incubation
medium on the time course of Ca2 uptake by
the luminal membrane vesicles of proximal
(PT) and distal tubules (DT). The vesicles
were loaded with the same medium as in Fig.
1. The incubation media contained 20 m
Tris-Hepes pH 7.4, 0.5 mrt CaCl2 and either
140 m choline chloride (closed circles) or
100 mM NaCI plus 40 m choline chloride
(open circles). Each point is the average of 3
experiments SE
membrane of distal tubules
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Fig. 3. Ca2 uptake by the luminal membranes of proximal tubule (PT)
as a function of the Ca2 concentration: Influence of Na in the
incubation medium. The vesicles were loaded as in Fig. I. The
incubation media were the same as those described in the legend of Fig.
2, except for the Ca2 concentrations. The symbols are also the same.
Inset: reciprocal plot of the data obtained in the absence of Na. Each
point is mean SE from 3 experiments.
3.03 0.48 and 1.18 0.22 pmol/xg/l0 sec forthe low and high
affinity systems, respectively. Secondly, the replacement of 140
mM choline by 100 mrvi Na and 40 m choline strongly
affected the kinetics of the high affinity system, decreasing the
Vmax to 0.27 0.024 pmol/gIl0 sec (P <0.005) and slightly
increasing the KmCa2 to 0.067 0.008 m. The presence of
Na did not significantly influence the low affinity system (Figs.
4 and 5, Table 3).
Finally, as previously reported in a study concerning the
effect of hydrochiorothiazide on Ca2 transport [9], cis-Na
decreased Ca2 uptake in a concentration dependent manner.
Figure 6 compares the effect of Na concentration on Ca2
uptake by the luminal membranes of proximal and distal tu-
bules. Again, in contrast to what was obtained in proximal
tubules, increasing Na progressively decreased Ca2 uptake
by luminal membranes from distal tubules. The inset of Figure
6 shows the Hill plot of the relation between Na concentration
I I I
0 1 2 3 4 5 6
Ca2, mM
Fig. 4. Ca2 uptake by the luminal membranes of distal tubule (DT), as
a function of Ca2 concentration: Influence of 100 msi Na+ in the
incubation medium. The experimental conditions were the same as
those described in the legend of Fig. 3. The symbols are also the same:
closed circles: — Na, open circles: + Na. Each point is mean SE
from 6 to 8 experiments.
and Ca2 uptake (y = 1.58 — 0.9x). The half-maximal effect
occurred at 38 m Nat The Hill coefficient: —0.9, suggests an
interaction of one to one between Na and Ca2 transport.
Effect of trans-Nat on Ca2 transport by the luminal
To investigate the effect of Na in trans-position, we pre-
loaded the membrane vesicles with 15 mrs't Tris-Hepes pH 7.4,
100 mM mannitol, and 100 mM NaCl instead of 300 mM mannitol
as previously described. The incubation medium contained 20
mM Tris-Hepes pH 7.4, 0.5 mr'i 45Ca Cl2 and either 140 mM
choline chloride or 40 m choline chloride plus 100 mit NaC1.
Results are presented in Figure 7. The presence of Na instead
of mannitol (dotted line) inside the vesicles (trans-position)
'a
0>
Km
mM
Vmax
pmol/ig/1O sec
PT —Na
+100mM Na
0.48 0.15
0.49 0.2
1.20 0.37
1.26 0.17
DT —Nat
+ 100 mM Na
0.04 0.05
2.83 0.64
0.07 O,O08
2.84 0.25
1.18 0.22
3.30 0.48
0.27 0.02"
3.02 0.26
sharply reduced the Ca2 uptake. The replacement of choline
by Na chloride in the incubation medium (cis-position) further
decreased the Ca2 uptake by 25%. Therefore, the presence of
a Na gradient inside > outside the vesicles not only did not
enhance, but reduced Ca2 uptake by the luminal membrane of
distal tubules.
Effect of trans-K on Ca2 + transport by the luminal
membrane of distal tubules
To determine whether the inhibitory effect of Na on both
sides of the membrane was specific to this cation, the experi-
ments were repeated, replacing Na by K inside the vesicles.
The vesicles were preloaded with 15 mai Tris-Hepes pH 7.4,
100 mM mannitol and 100 m of K chloride. The incubation
medium, as in the previous experiments, contained 20 mrvi
Tris-Hepes at pH 7.4, 140 m choline chloride and 0.5 mM
45CaC12. The results were compared to those obtained with
vesicles loaded with 15 ma'i Tris-Hepes pH 7.4 and 300 mM
mannitol (dotted line). The presence of K, instead of mannitol,
inside the vesicles had the same effect as that of Na, decreas-
ing Ca21 uptake by approximately 40%. In this situation also,
Discussion
Purity of the membranes
As far as we know, there is no known specific enzyme marker
for the luminal membrane of distal tubules. We assume the
identity of our presumed distal luminal membranes because
firstly, the tubules from which they originate are distal tubules
(morphology, low content in alkaline phosphatase activity,
superficial cortex origin). Secondly, they are not basolateral
membranes (low Na/K-ATPase activity, absence of Na'i
Ca2 exchanger), nor mitochondrial membranes (low glucose-
6-phosphatase activity) nor endoplasmic reticulum membranes
(low succinate dehydrogenase activity). Finally, they are sen-
sitive to thiazides, a characteristic which has been described in
microperfusion experiments. Due to the absence of a specific
enzyme marker, it is not possible to determine the orientation of
these vesicles.
Ca2 transport in the absence of Na
Until now, our knowledge concerning Ca2 transport in the
distal tubule stemmed from in vivo micropuncture or in vivo
and in vitro microperfusion experiments [2, 7, 8, 17]. It was
concluded from these studies that distal Ca2 reabsorption
occurs against a steep electrochemical gradient, and that the
reabsorption rate is proportional to the load. The net reabsorp-
tion of Ca2 therefore, depends on the luminal Ca2 concen-
tration until this concentration reaches submillimolar range.
Stop flow microperfusion experiments also showed that Ca2
backflux is negligible [7]. Our study using isolated luminal
membrane vesicles examined whether some of these character-
istics are specific to this membrane, independent of the rest of
the cell. Furthermore, it brought new information concerning
the interrelationship between Ca2 and other cations in the
transport mechanism.
The data presented show that luminal membranes isolated
from distal tubule suspension, exhibit greater rates of Ca2
uptake than those from proximal tubules, when Na is absent
from the incubation medium. We assume that this Ca2, once
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3 the replacement of 140 m choline by 100 ma'i NaCl plus 40 mM
choline chloride in the incubation medium further decreased the
Ca2 transport (Fig. 8).
2 Effect of cis-K on Ca2' uptake by the luminal membrane of
distal tubules
In contrast, in the cis-position, K and Na acted in an
opposite manner. In the experiments presented in Figure 9, the
1 vesicles were preloaded with 15 mrvi Tris-Hepes pH 7.4 and 300
mM mannitol. The incubation medium contained 20 mrvi Tris-
Hepes pH 7.4, 0.5 ma'i 45CaC12 and either 140 m choline
chloride or 100 mM K chloride plus 40 m choline chloride.
0 Unexpectedly, cis-K substantially increased Ca2 uptake by
the vesicles to levels not attained under any other experimental
vollS,pmo/4tg protein/tO sec/mM conditions. As shown in Figure 10, this effect was dose-
Fig. 5. Eaic-Hofstee plot of the data presented in Fig. 4. The equation dependent, with a half maximal effect observed with 15.9 mM
of the lines were calculated using a non linear least square analysis. The K. The Hill plot of this relation is shown in the insetof Figure
full line corresponds to the data obtained in the absence of Na, dotted 10 (y = 0.49 + 0.42x). Neither Na in trans- nor K in trans- or
line, in the presence of 100 mat Na (not presented for the low affinity cis-position did influence Ca2 uptake by the proximal mem-
system because it overlaps the corresponding full hne). branes.
Table 3. Kinetic parameters of Ca2 uptake by the luminal
membranes of proximal and distal tubules, in presence and absence
of 100 mM Na
0 5 10 15 20 25 30 35
(1) (2) and (3) represent the three components of Ca2 uptake by
DCT membranes.
a P < b p < 0.005 in comparison to the same parameters for the
same component in the absence of Na
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Fig. 6. Effect of Na concentration in the
incubation medium (cis-position) on 0.5 mM
Ca2 uptake by the luminal membrane
vesicles of proximal (closed circles) and distal
(open circles). Na was replaced by choline
to keep the osmotic load constant. Inset: Hill
plot of distal tubule data (y 1.58 — 0.9x), N
= 4 experiments.
Fig. 7. Effect of trans-Nat In these
experiments, the vesicles were preloaded with
15 mM Tris-Hepes pH 7.4, 100 mM mannitol
and 100 mat NaCI. Then they were incubated
in 20 mat Tris-Hepes pH 7.4 and either 140
m choline chloride (closed circles) or 40 mM
choline chloride plus 100 mat NaCI (open
circles). The dotted line represents, for
comparison, the uptake of Ca24 by vesicles
loaded with 20 mat Tris-Hepes and 300 mM
mannitol, and incubated in the absence of
Na4 as in Fig. 1. < 0.05, < 0.025
compared to the result obtained in the
absence of Na4 in the incubation medium. N
= 3 experiments with duplicates in each
experiment.
transported through the membrane, rapidly binds to the internal
surface of the vesicles, for the following reason: after a five
minute incubation, when maximal uptake is reached and when,
presumably, the free Ca2 inside and outside of the vesicle is in
equilibrium, the calculated vesicular volume (Ca24 uptake/Ca2
concentration x protein) is 12 j.d/mg. Similar experiments using
0.1 m 3H-glucose, yield a volume of 2 id/mg (unpublished
data). This discrepancy is not due to an active accumulation of
Ca24 against a concentration gradient because the ionophore A
23187 alone did not release the intravesicular Ca24. EGTA
alone also did not release this transported Ca2t This release
occurred only in the presence of A 23187 and EGTA. There-
fore, approximately 17% of the transported Ca24 remains free
within the lumen at equilibrium. The rest is bound to the
internal surface. We assume that intravesicular binding, by
reducing the free Ca24 into the vesicular space, did not change
the values of the initial Ca24 uptake, but simply extended the
time of linearity of this uptake. Binding to the external surface
of the vesicles was prevented by including EGTA to the rinse
solution (Methods). Indeed, since EGTA in the presence of
A 23187 released Ca2 from the intravesicular surface, it is
highly probable that it also released this cation from the
extravesicular surface.
While in the proximal vesicles, a unique kinetics was present
(KmCa24 0.48 mM), the two components with very different
Km2Ca24 (2.8 and 0.04 or 0.07 mM) observed in the distal
tubule should confer to this segment a great capacity of adap-
tation to a wide range of Ca24 concentrations. Under relatively
physiological situations, the Ca2 concentrations in proximal
and distal tubular fluid are approximately 2.0 and 0.6 mat [7]. It
is therefore probable that whereas the Ca2 carrier is always
saturated in proximal tubule, this would seldom occur in the
distal tubule, at least under normal conditions. Whether the two
types of Ca2 transport (low and high affinities) in the distal
tubule correspond to the dual kinetics of a unique carrier or to
two different carriers remains to be determined.
0.8
Na, m,w
+
0
APT BDT
6 6
4, 4
2 2
10 30 60 120 300
Time, seconds
'I.
ChCI
— NaCI
*
10 30 60 120 300
Brunette et a!: Effect ofNa on Ca transport 287
Fig. 8. Effect of trans-K. The experimental
protocol was the same as in Fig. 7 except that
the vesicles were preloaded with a medium
containing 100 mii KCI instead of NaC1. The
dotted line represents the uptake of Ca2 by
vesicles loaded with 20 mst Tris-Hepes and
300 mM mannitol, incubated in the absence of
Na'. < 0.05, < 0.01 compared to the
result obtained in the absence of Na' in the
incubation medium. Each point is the average
of 3 experiments in duplicate, SE.
Fig. 9. Effect of cis-K. In these
experiments, the distal membrane vesicles
were preloaded with 15 mr'i Tris-Hepes, pH
7.4, and 300 mi mannitol. They were
incubated in a medium containing 20 mm Tris-
Hepes pH 7.4, and either 140 m choline
chloride (closed circles) or 40 m choline
chloride plus 100 mri KCI (open circles). *
300 <oo P < 0,02, ***D < 0.001 comparedto the result obtained in the absence of K, N
Time, seconds = 3.
Kinetics of Ca2÷ transport in the presence of Na
The finding of an inhibitory action of Na upon Ca2 uptake
by the distal luminal membrane was totally unexpected until the
action of thiazide on this membrane was investigated [9]. We
are not aware of any reported experiments using in vivo or in
vitro microperfusion of distal tubules that have specifically
studied the effect of Na on Ca2 transport. However, Sabatini
and Kurtzman [4] performed experiments on turtle bladders and
observed bidirectional Ca2 flux predominantly directed
toward the mucosal surface. In this preparation, inhibition of
Na transport by thiazides increased mucosal to serosal Ca2
transport, thus reversing the Ca2 flux which became absorp-
tive rather than secretive.
Our results show that Na in the perivesicular medium which
mimics the tubular fluid, strongly curtails the Vmax of Ca2
uptake by the high affinity system of the distal membranes. This
is in line with the clinical observation of a reasonably good
correlation between Na delivery to the distal tubule and Ca2
excretion, in the absence of any abnormal endocrine status or
thiazide administration.
Effect of the intra vesicular medium composition
Our first hypothesis concerning the effect of cis-Na on Ca2
uptake was the existence of a Na"/Ca2 exchange mechanism.
The presence of Na outside the vesicles would favor theim-
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Fig. 10. Effect of K concentration in the incubation medium (cis-
position) on 0.5 m Ca2" uptake by the luminal membrane vesicles of
distal tubule (DT). K2 was replaced by choline to keep the osmolarity
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mediate backflux of Ca2 from the intra- to extravesicular
space. If this were the case, and if the carrier was symmetrical,
the presence of Na inside the vesicle should favor the entry of
Ca2. The opposite was observed, thus eliminating the exist-
ence of a Na/Ca2 exchanger. This finding is plausible since in
the hypothesis of a Ca2/Na exchanger, any increase in
tubular fluid Na content, favoring the influx of Nat, would
enhance Ca2 effiux, that is, Ca2 secretion instead of absorp-
tion. In their microperfusion experiments, Costanzo and Wind-
hanger were unable to demonstrate any Ca2 backflux to the
lumen [7]. Therefore, we favor the hypothesis of a specific Ca2
carrier or channel in which Na directly interferes with Ca2
transport at both the intra- and extravesicular surfaces of the
membrane. Since K inside the vesicles has the same inhibitory
effect as Nat, it is possible that the two cations act in the same
way on the intravesicular side of the membrane.
Finally, the fact that trans-Nat or K provokes a decrease in
Ca2 uptake does not favor the hypothesis of an indirect effect
through the creation of a diffusion potential.
Effect of K in the incubation medium
Unexpectedly, K in the cis-position enhanced Ca2 uptake,
and this effect depended upon the K concentration with a Hill
coefficient of 0.26. We have no clear explanation concerning the
effect of cis-K on Ca21 uptake by the distal luminal mem-
brane. K diffusion should create a negative potential outside
the vesicles, thus retaining the Ca2 rather than enhancing its
uptake. It is therefore probable that K plays a direct role on
the carrier molecule, independent of any diffusion potential
effect. For instance, K entry into the vesicles via a K channel
may generate some configuration changes in the Ca2 carrier or
channel, resulting in its activation. Conversely, K efflux
would result in the opposite effect, as observed in our experi-
ments.
In conclusion, while the brush border membrane from the
proximal tubule possesses a unique system of Ca2 transport,
the distal luminal membrane shows dual kinetics, suggesting the
presence of two transport systems. Whereas Na and K in
trans-position inhibits Ca2 uptake, the effect of these two
cations are opposite when in cis-position. The inhibitory effect
of Na in cis-position involves the high affinity-low velocity
component of Ca2 transport. Further experimentation is war-
ranted to determine the mechanisms involved in these actions.
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